OBJECTIVE: Early life esophageal acid exposure causes long-term molecular alterations in the rostral cingulate cortex; however, whether it induces behavioral changes remains unverified. Little is known about the molecular changes resulting from this event in the developing hippocampus and medial prefrontal cortex (mPFC). This study aimed to investigate the influence of early life esophageal acid exposure on spontaneous locomotor behavior and N-methyl-D-aspartate receptor (NMDAR), expression in these brain regions of adult rats.
INTRODUCTION
Early life adverse events are thought to induce chronic visceral nociception via the induction of visceral hypersensitivity, and to predispose individuals to functional gastrointestinal diseases in adulthood. 1, 2 Animal studies have demonstrated that early life stress can lead to behavioral abnormalities and visceral hypersensitivity in adulthood. [3] [4] [5] Due to a high degree of central neuroplasticity in early life, either chronic or acute exposure to nociceptive stimulus during this period can lead to central sensitization-mediating visceral hypersensitivity. 6 Synaptic plasticity, mediated by the N-methyl-D-aspartate receptor (NMDAR), has been found to be involved in cerebral functions ranging from memory formation to the development of visceral hypersensitivity. 7, 8 Generally, active NMDAR exists as a heterotetramer composed of NMDAR1 (NR1) and NMDAR2 (NR2; classified into NR2A, NR2B, NR2C and NR2D) subunits, which combine with glycine or dextro-serine (D-serine) and glutamate, respectively. 9, 10 Early life esophageal acid exposure increases longterm expression of NR1, NR2A and phosphorylated NR2B in the rostral cingulate cortex, indicating central neuroplasticity. 11 However, whether this neuroplasticity can influence the function of the central nervous system, such as its sensory sensitivity and behavioral sensitivity processing has not been reported. There is presently no objective method to test esophageal sensitivity in rats, which leads to limitations for esophageal sense testing. Therefore, a behavioral indicator is required which can also reflect the activity of the central nervous system. The spontaneous locomotor behavior test has been used in numerous studies on psychosis to assess general activity in rats and to reflect the activity of the central nervous system. 12, 13 It is important to discern whether changed spontaneous locomotor behavior (including locomotion, locomotor activity and locomotor sensitivity) is the result of complex neuroadaptation (neuroplasticity) in the central nervous system. [14] [15] [16] To the best of our knowledge, there are no published reports on spontaneous locomotor activity in rats after noxious esophageal stimulation in early life.
The effects of early life exposure to esophageal acid across brain regions remain poorly understood. From an evolutionary perspective, pain is a response to noxious stimuli and can indicate pathology and trigger pain memories that promote species survival. 17, 18 The occurrence of chronic pain may particularly be related to pain memory. Studies have indicated that there are molecular characteristics and pathways, most prominently synaptic plasticity, common to both central sensitization and memory formation. [18] [19] [20] The hippocampus and medial prefrontal cortex (mPFC), which share both direct and indirect connections, 21, 22 are involved in pain processes, learning and memory formation. [23] [24] [25] The dorsal hippocampus (DH) has been known to participate in memory circuits, while the ventral hippocampus (VH) is associated with emotional activity. 26 Whether early esophageal acid exposure affects neuronal plasticity in brain regions related to pain, memory and emotion, including the hippocampus and mPFC, is thus worth exploring.
In this study we aimed to evaluate the influence of early life exposure to esophageal acid on spontaneous locomotor behavior and molecular changes in the hippocampus and mPFC of the adult rats. Hence, neonatal rats were administered with esophageal acid over the postnatal period of days 7-14 (P7-P14). Their spontaneous locomotor behavior and esophageal pathological changes were assessed when they were adults (P60), together with the expressions of NMDAR subunits and ligands in the hippocampus and mPFC. We also aimed to examine behavior and central NMDAR expression separately after the acute rechallenge of esophageal acid in the adult rats.
MATERIALS AND METHODS

Animals
Sprague-Dawley rats (P7) weighing 14-18 g were obtained from the Department of Laboratory Animal Sciences, Peking University Health Science Center (Beijing, China). Before weaning (P21) the neonatal rats were housed with their mothers under pathogenfree conditions under a controlled 12-h light-dark cycle, with both food and water available ad libitum. All animal experiments were approved by the Animal Care and Use Committee of the Peking University Health Science Center (Beijing, China).
Chronic neonatal esophageal acid exposure
A catheter (PE-10; Scientific Commodities Inc., Lake Havasu City, AZ, USA) was orally inserted into the boundary between the middle and lower esophagus (at 2.4 cm from the teeth), and the remainder was attached to a microliter syringe, through which 20 μL of hydrochloric acid saline solution (0.1 mol/L HCl) or saline was manually infused for over 1 min, once per day, for a total of 8 days (P7-P14) (Fig. 1) . At P14, the spontaneous locomotor behavior of the neonatal rats was recorded for 5 min at 30 min after the acid infusion.
i.p.). A lavage needle containing a PE-10 catheter (Scientific Commodities Inc.) was inserted on the boundary between the middle and lower esophagus (at 4.2 cm from the teeth). The tip of the infusion catheter was retained in the esophagus and the lavage needle was then removed. A total of 2 mL 0.1 mol/L HCl was infused into the esophagus by an injection pump for over 20 min (Fig. 1) . After recovering from anesthesia (3 h after the acid challenge procedure), spontaneous locomotor behavior was recorded for 20 min. The brain and esophageal tissues were then harvested 40 min after the locomotion test (at 4 h after the acid challenge). This procedure was modified from that of Banerjee et al.'s study.
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Spontaneous locomotor activity test Spontaneous locomotion was recorded and analyzed using the animal locomotion video analysis system (JLBehv-LR4; Shanghai JiLliang Software, Technology, Shanghai, China), which consists of four soundproof black boxes (40 cm × 40 cm × 50 cm) equipped with a video camera connected to a personal computer. One rat was allowed in each box at the same time. Spontaneous locomotion was recorded for 5 min at P14 and for 20 min at P60. The total horizontal distance traveled (measured in meters) during the test was calculated.
Tissue harvest
All the rats were sacrificed at P60. The brain of the rat was rapidly dissected, embedded with optimal cutting temperature compound (Sakura Tissue-Tek, Torrance, CA, USA), and quickly frozen in liquid nitrogen for 25 s. Stereotaxic positions for the DH (bregma −3.6 to −4.6 mm), VH (bregma −4.8 to −6.0 mm), and mPFC (prelimbic and infralimbic cortices, bregma 3.72-2.52 mm) were determined in serial sections, according to the Paxinos and Watson (1998) rat brain atlas and as performed in other studies. 27, 28 The target tissue was sampled using a puncture needle. To fulfill the sample size requirements for ultra-highperformance liquid chromatography-mass spectrometry (UHPLC-MS), the entire hippocampus and prefrontal cortex were collected for the detection of glycine and D-serine ligands. 
Histopathological evaluation of the esophagus
The rat esophagus was immersed in 10% formalin, dehydrated with an ethanol gradient, clarified with xylene, and embedded in paraffin. The paraffin blocks were sectioned and stained with hematoxylin and eosin (HE) or used for immunohistochemical detection of claudin-1, a tight junction protein. Immunohistochemical staining was conducted as follows. Sections (5-μm-thick) were deparaffinized and rehydrated, antigen retrieval was conducted with citric acid antigen repair buffer (pH 6.0) and microwave heating, preincubation was then conducted in methanol with 3% H 2 O 2 for 25 min. After having been washed with phosphate-buffered saline (PBS; pH 7.4), the sections were blocked with 3% bovine serum albumin (BSA; ZSGB-BIO, Beijing, China) incubated with anticlaudin 1 antibody (1:200; Abcam, Cambridge, MA, USA) at 4 C overnight, washed again with PBS and then incubated in horseradish peroxidase-labeled goat anti-rabbit immunoglobulin G (H + L, both heavy and light chains can be recognized) (1:200; Servicebio, Wuhan, Hubei Province, China). Finally, the sections were stained with 3,3'-diaminobenzidine and then counterstained with HE. For negative controls the primary antibody was replaced with PBS.
A semi-quantitative analysis of the expression of claudin-1 was conducted using Image-Pro Plus (Media Cybernetics, Silver Spring, MD, USA). In total 10 images per rat were captured under a high-power field (×400). For all images, the integrated optical density in the area of interest was measured. The hue-saturation-intensity mode was selected and set as follows: 0-255 hue, 0-255 saturation and 0-200 intensity. The mean value of the mean integrated optical density in 10 images was calculated for each esophageal tissue sample.
Western blot analysis for the expression of NMDAR subunits
The brain tissue was homogenized via a mixer mill (MM400; Retsch, Haan, Germany) in radioimmunoprecipitation assay lysis buffer containing cocktail protease inhibitor (Applygen Technologies, Beijing, China) and then centrifuged for 20 min at 18000 ×g. In total 30 μg of protein from each sample was electrophoresed and transferred to a nitrocellulose membrane, then blocked with 5% defat milk and incubated with various primary antibodies including NR1, NR2B, NR2A (rabbit derived, 1:1000; Abcam), and β-actin (mouse anti-β-actin, 1:1000; Applygen). Protein bands were visualized using an IRDye 800CW conjugated goat anti-rabbit immunoglobulin and goat anti-mouse secondary antibody (LI-COR, Lincoln, NE, USA). Protein-band intensity was measured by the mean gray value using Image J (National Institutes of Health, Bethesda, MD, USA).
UHPLC-MS for the determination of neurotransmitter glycine and D-serine
A well-developed method to detect natural D-serine was adopted from the study of Fuchs et al. 29 Briefly, chiral amino acid D-serine was derivatized with FDAA (Marfey's reagent, N α -(2,4-Dinitro-5-fluorophenyl)-L-alaninamide; J&K Scientific, Logan, UT, USA) and separated by liquid chromatography. The hippocampus and prefrontal cortex were weighed and then homogenized in a 0.5 mol/L formic acid solution (2.5 mL/g tissue), followed by centrifugation at 18000 ×g for 30 min. A mixture of 20 μL supernatant, 50 μL 0.5% Marfey's reagent (w/v acetone) and 100 μL 0.125 mol/L sodium tetraborate solution were heated at 40 C for 30 min. To stop derivatization, 25 μL of 4 mol/L HCl was added. The mixture was subjected to UHPLC-MS (Thermo Fisher Scientific, CA, USA). Isotopic labeled DL-serine (50% D-serine and 50% L-serine) with derivatization was used as an internal standard to quantify the concentration of serine and to adjust for matrix effects. Standard curves were constructed from the derivatized D-serine and glycine standards (Sigma-Aldrich, St. Louis, MI, USA).
Immunofluorescence staining
The expression of c-Fos, which indirectly reflects neural activity, was determined using immunofluorescence staining. The rats were anesthetized and transcardially perfused with saline followed by icecold 4% paraformaldehyde in 0.01 mol/L PBS solution (pH 7.4). The brains were removed and postfixed in 4% paraformaldehyde before gradient dehydration in 20% then 30% sucrose in PBS for one week, embedded in optimal cutting temperature compound, frozen in liquid nitrogen for 26 s and stored at −80 C. The perfused brains were sliced into 30-μm-thick sections using a cryostat (Leica, Tokyo, Japan) and mounted on slides. The sections were equilibrated at room temperature and hydrated. The slices were then permeabilized with 0.3% Triton X-100 and blocked with 3% BSA (ZSGB-BIO) for 30 min, incubated with the rabbit anti-c-Fos primary antibody (1:1000; Abcam) overnight at 4 C, then incubated with Alexa Fluor 488 goat anti-rabbit immunoglobulin (1:400; Servicebio) for 2 h at room temperature.
The cell nuclei were counterstained with 4',6-diamidino-2-phenylindole for 5 min. Finally, the slides were visualized via fluorescence microscopy (Leica DM4000, Leica Microsystems, Bannockburn, IL, USA; or Zeiss LSM710, Carl Zeiss, Jena, Germany). For each brain region, three images per rat were captured under high-power field (×200). The numbers of total cells (DAPI blue-fluorescent nuclei) and c-Fos-positive cells (green-fluorescent nuclei) were counted in a blinded manner using Image-Pro Plus software (Media Cybernetics, Silver Spring, MD, USA). The average percentage of positive cells was calculated from the three images using the formula below: (c-Fos + cells/total DAPI + cells) × 100%.
Statistical analysis
The data were analyzed with the software GraphPad Prism 5.01 (GraphPad Software, La Jolla, CA, USA). Quantitative data were expressed as mean AE standard error of mean (SEM), whereas qualitative data were expressed as numbers and percentages. Data between the NH and NS groups were compared by a twotailed unpaired t-test. The ANOVA was used for comparisons among the four groups, followed by Bonferroni post hoc test to analyze the significant differences between the subgroups (NHAH vs NH group, NSAH vs NS group). P value of less than 0.05 was considered to be statistically significant.
RESULTS
Early esophageal acid exposure caused impairment of esophageal mucosal tight junctions in adulthood
At P14 (after the last acid intervention), there was no obvious edema, erosion or bleeding on the esophageal mucosal surface in the NH rats. However, microscopic pathological injury, including increased local basal cell proliferation in the epithelium and vasodilation, was observed in these rats (Fig. 2a) . At P60 esophageal pathological injury was absent in the NH rats (Fig. 2b) . However, esophageal epithelial tight junctions were impaired, as confirmed by claudin-1 immunostaining (Fig. 2c) . Decreased claudin-1 expression was evident in the NH group compared with the NS group (n = 5, P = 0.06; Fig. 2d ).
Adult rat spontaneous locomotor activity increased after neonatal acid exposure ] m, n = 4, P < 0.05). The NHAH group traveled a shorter total distance than the NH group (P < 0.001). The total distance traveled by the NSAH group was also shorter than that by the NS group (P < 0.001; Figs. 3c,d ).
Early esophageal acid exposure resulted in the reduced expression of NR1 subunit in the DH and mPFC and increased prefrontal cortex glycine levels in adult rats
The NH group manifested a significantly lower expression of the NR1 subunit in the DH than the NS group (n = 6, P < 0.05; Figs. 4a,b) . In the VH (Fig. 4e) , there was no difference in NR1-subunit expression between the NH and NS groups (n = 6; Fig. 4f ). In the mPFC (Fig. 4i) , the expression of NR1 subunits in the NH group was significantly decreased compared with the NS group (n = 6, P < 0.05; Fig. 4j ). The expressions of NR2A (n = 6; Figs. 4c,g,k) and NR2B (n = 6; Figs. 4d,h,l) subunits showed no differences between the NH and NS groups.
In the chromatogram, the retention time of glycine was 12.05 min (Fig. 5a) , and the retention time of derived D-serine was 11.30 min (Fig. 5d) Fig. 5c ).
Acute adult acid rechallenge reversed the decreased expression of NR1 subunits in the DH and mPFC
In the DH the expression of NR1 subunits in the NHAH group was significantly higher than in the NH group (n = 6, P < 0.05; Fig. 4b ), while that of the NSAH and NS groups was comparable (Fig. 4b) . In the VH the expression of NR1 in the NHAH and ) was reduced in the neonatal group exposed to hydrochloric acid saline (NH group) compared with the neonatal group exposed to saline (NS group). n = 5 per group, P = 0.06 by unpaired t-test.
NSAH groups was higher than in the NH and NS groups (n = 6, P < 0.01 and P < 0.05, respectively; Fig. 4f ). In the mPFC NR1 expression in the NHAH group was significantly higher than in the NH group (n = 6, P < 0.01), while there was no difference between the NSAH and NS groups (Fig. 4j) . After the adult esophageal acid rechallenge the expression of NR2A (Figs. 4c,g,k) and NR2B (Figs. 4d,h,l) subunits did not differ among the groups in each brain region.
Adult acute acid rechallenge caused altered glycine levels in both the hippocampus and prefrontal cortex of rats with early esophageal acid exposure NH vs NS group by unpaired t-test (n = 9). (d) *P < 0.05, P60 NH vs NS group by unpaired t-test (n = 5), and NHAH vs NSAH group (n = 4); ***P < 0.001, compared with the NS and NH groups, by one-way ANOVA with Bonferroni post-hoc tests. NH, neonatal group exposed to hydrochloric acid saline (HCl); NS, neonatal group exposed to saline; NHAH, NH adult group treated with acute HCl challenge at P60; NSAH, NS adult group treated with acute HCl challenge at P60.
7; Fig. 5b ). After adult acute acid rechallenge, the level of prefrontal cortex glycine in the NHAH rats was significantly lower than in the NH rats (NHAH Fig. 5f ).
Adult esophageal acid rechallenge increased the expression of c-Fos in the mPFC of rats with neonatal acid exposure
The expression of c-Fos in the mPFC was significantly lower in the NH group than in the NHAH group (NH vs . NR1 expression in the DH was decreased in the NH group, while acute acid rechallenge at P60 reversed this reduction. Acute acid rechallenge enhanced the expression of NR1 subunits in the VH. The expression of NR1 in the mPFC was reduced in the rats with neonatal acid stimulation and increased by acute adult acid rechallenge at P60. *P < 0.05, **P < 0.01 by one-way ANOVA with Bonferroni post hoc tests (n = 6). NH, neonatal group exposed to hydrochloric acid saline (HCl); NS, neonatal group exposed to saline; NHAH, NH adult group treated with acute HCl challenge at P60; NSAH, NS adult group treated with acute HCl challenge at P60.
NHAH: [53 AE 3]% vs [70 AE 4]%, n = 3, P < 0.05; Fig. 6a,b) . However, the c-Fos expression in the NSAH group ([61 AE 11]%, n = 3) did not significantly differ from that in the NS group ([68 AE 11]%, n = 3). Western blot data revealed a similarly altered trend in c-Fos expression in the mPFC, although there was no significant difference among the four groups (n = 6; Fig. 6c ).
DISCUSSION
To our knowledge, this is the first study to show that esophageal acid exposure during the critical period of cerebral development in rats can influence their adult behaviors. Moreover, the expressions of NR1 subunits in the DH and mPFC regions of adult rats were decreased by their exposure in early life to esophageal acid. These findings may contribute to a better understanding of the relationship between early acid exposure and the development of later central sensitization.
Whether peripheral esophageal acid stimulation may result in central sensitivity change and subsequently induce behavior alteration has not previously been reported. First, we observed that exposure to esophageal acid in early life caused hyperlocomotion in adulthood. We also found that decreased cerebral (including DH and mPFC) NR1 levels were accompanied by increased spontaneous locomotor activity in adult rats that had been exposed to esophageal acid in early life. Seiriki et al. reported that MK-801, a nonselective NMDAR antagonist, induced hyperlocomotion in mice. 30 NR1-knockdown rats also exhibited hyperlocomotion. 31 Based on these prior findings, we speculate that hyperlocomotion may be related to reduced NR1 expression in specific brain regions. Inhibitory synaptic transmission mediated by interneurons has a modulatory role in visceral pain. Studies have shown that inhibitory synaptic transmission can be blocked by NMDAR antagonists. 32 The decreased expression levels of NR1 subunits in inhibitory interneurons may thus weaken the inhibitory function and permit neuronal hyperexcitability, 32, 33 leading to increased locomotor activity. Hence, the precise role of NR1 subunits in the DH and mPFC in the mechanism of hyperlocomotion and central hypersensitivity remains to be elucidated. The prefrontal cortex D-serine level was reduced by acid rechallenge at P60. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA with Bonferroni post-hoc tests (n = 7 or 8). NH, neonatal group exposed to hydrochloric acid saline (HCl); NS, neonatal group exposed to saline; NHAH, NH adult group treated with acute HCl challenge at P60; NSAH, NS adult group treated with acute HCl challenge at P60. [Colour figure can be viewed at wileyonlinelibrary.com] Banerjee et al. reported that early exposure to esophageal acid induced increased NR1 and NR2A expressions in the rostral cingulate cortex. 11 They were the first to report that neuronal plasticity in the rostral cingulate cortex may mediate central sensitization induced by exposure to esophageal acid. However, no study using esophageal peripheral stimulation models has reported molecular alterations in the DH and mPFC, which are in fact core cerebral regions for the consolidation of information from short-term to long-term memory, respectively. 21 The formation of memory needs to undergo a dynamic process of development from instability to stability. 34 New memory information is first encoded by the + ) cells in the mPFC of rats with neonatal acid exposure was increased after acute acid challenge at postnatal day 60 (P60). *P < 0.05 vs the NH group by one-way ANOVA with Bonferroni post hoc test (n = 3). (c) After acute acid rechallenge, there was a trend towards increased cFos expression in mPFC of rats with neonatal acid exposure by Western blot analysis (n = 6). NH, neonatal group exposed to hydrochloric acid saline (HCl); NS, neonatal group exposed to saline; NHAH, NH adult group treated with acute HCl challenge at P60; NSAH, NS adult group treated with acute HCl challenge at P60.
hippocampus to form a new temporary memory. After a slow buffering process it is finally stored in the cortex without interference or loss. 35 We found that early life exposure to esophageal acid reduced NR1 expression in both the DH and mPFC regions, indicating that early exposure to esophageal acid may be memorized in a long lasting way in the DH and mPFC through neuronal plasticity. We further speculate that the VH participates in a central response to esophageal acute acid stimulation, as acute acid challenge caused increased NR1 expression in the VH of all the rats tested.
In this study the expression of NR1 subunits changed after neonatal acid exposure but the NR2A and NR2B subunits remained stable. NR1 subunits primarily develop and mature during childhood, while NR2A and NR2B subunits continue to develop and mature in adulthood. 36, 37 Therefore, during the early stage, esophageal acid exposure may influence the NR1 subunits most prominently.
Rats with early exposure to esophageal acid are susceptible to adult acute esophageal acid challenge. After the adult acid challenge, the animals exposed to esophageal acid as neonates exhibited increased c-Fos in mPFC, implying the possibly enhanced activation of the mPFC. In rats that were exposed to esophageal acid in early life, the changes in both NR1 expression and glycine levels in the DH and mPFC after the acute adult acid challenge indicate that their brains are susceptible to acute esophageal acid stimulation. These molecules may mediate central sensitization. Acute acid stimulation in the adults significantly lessened the loading of D-serine only in the prefrontal cortex, irrespective of whether or not the rats experienced early chronic acid injury. Therefore, D-serine may not play a core role in the influence of chronic esophageal acid exposure on central sensitization.
The decreased expression of claudin-1 was a sign of impaired mucosal barrier in our rat model. This may allow for esophageal nociceptor ending exposure to more stimulation and inevitably contribute to the central molecular changes induced by adult acute esophageal acid rechallenge. Further studies should be conducted to probe more deeply the interaction between the esophagus and brain that underlies NR1-level reversal after adult acid treatment.
There were some limitations of the study. First, although other reports have proven that hyperlocomotion was associated with decreased NR1 activity, their relationship was not validated in this study. This should be investigated using microinjections of NR1 antagonist or NR1 gene viral vectors in further studies. Second, as we did not perform esophageal sensitivity testing the current results cannot be used to contest the hypothesis that exposure to esophageal acid in early life can lead to adult esophageal hypersensitivity. Furthermore, the results of the c-Fos staining can only suggest potentially high mPFC activation after acid rechallenge in adult rats with neonatal exposure to acid because of the limited animal sample size. In future studies we should also adopt other techniques and increase the sample size of animal experiments for a deep exploration of central sensitivity after acid rechallenge in adulthood.
In conclusion, adult rats exposed in early life to chronic esophageal acid exhibit hyperlocomotion, which may be related to the decreased expression of NR1 subunits in the DH and mPFC brain regions. Early esophageal acid exposure may lead to altered central sensitivity in adulthood. 
